IUTAM 00 (2014) 000-000
Introduction
Modern manufacturing techniques for metallic and composite materials can provide surface smoothness suitable for Natural Laminar Flow (NLF), but surface imperfections, such as steps and gaps at junctions, waviness, and bulges, can still affect the behavior of the boundary layer on aircraft surfaces 1, 2 . Therefore, manufacturing tolerances must be specified for the shape and dimension of these imperfections so that laminar flow can still be achieved, thus maintaining the advantages of NLF in terms of drag reduction 1, 2 . This can be done only after the quantification of the effects of these surface imperfections on the stability of the laminar boundary layer [1] [2] [3] . Past research on specific surface geometries at selected flow conditions supplied criteria to predict the effect of surface imperfections on boundary layer transition 4, 5 . However, the considered boundary layer stability situations were not taken into account in the formulation of the criteria, so that they can be applied only to those special or similar cases. In the last decades, efforts were put into the understanding of the physics involving imperfection-induced transition and into the development of models and criteria for predicting the effect of surface imperfections on the laminar boundary layer 1-3,6-10 . Although many improvements had been carried out in this field, there are still no universal criteria available covering a wide range of stability situations. In particular, there were no studies systematically examining the effect of sharp forward-facing steps on boundary layer transition for compressible flow at both zero and favorable streamwise pressure gradients. These investigations have been conducted in this work.
Surface steps can originate from the installation of leading edge panels on wings, nacelles and control surfaces and from the installation of access panels, doors, and windows on fuselage noses and engine nacelles 1,2 . The numerical computation of the flowfield over a geometric forward-facing step is still resource-intensive 1,3,10 , so that a Costantini / Abstract IUTAM 00 (2014) 000-000 parametric study of the effect of the step on boundary layer transition is typically performed only for a selected configuration and a limited variation of flow conditions 3, 10 .
In this work, spanwise invariant forward-facing steps, perpendicular to a (quasi) two-dimensional flow, were experimentally investigated at a high subsonic Mach number in the wind tunnel facility DNW-KRG 11, 12 . The effects on boundary layer transition of forward-facing steps, Reynolds number, and streamwise pressure gradient, were investigated using the newly designed PaLASTra model 13 .
Experimental setup
The tests were conducted in the Cryogenic Ludwieg-Tube Göttingen (DNW-KRG) 11 , a low-turbulence (Tu ρu ~ 0.06 % 12 ), intermittently operating wind tunnel facility capable of achieving flight Reynolds and Mach numbers of a transonic commercial aircraft by increasing the pressure and decreasing the temperature of gaseous nitrogen, which is used as the test gas , .
The PaLASTra two-dimensional wind tunnel model 13 was designed for the systematic study of the effect on boundary layer transition of two-dimensional surface imperfections, changes in Reynolds number, Mach number, and streamwise pressure gradient, and the effect of a non-adiabatic wing surface. The shape adopted for the airfoil is shown in cross section in Fig. 1(a) . A flat surface was designed for the larger part of the upper surface of the model, which was the one of main interest in this work: in this manner the pressure gradient was practically uniform on a large portion of the model upper side (approx. 20 % < x/c < 70 %). Two-dimensional steps (uniform in spanwise direction) of a desired height could be mounted at the chordwise location x h /c = 35 % by installing shims of appropriate thickness at the interface between the two parts comprising the model (see Fig. 1(a) ). The shape of the imperfection (abrupt step with sharp edges) is thus assured to be the same for each tested configuration.
As shown in Fig. 1(b) , the PaLASTra model was coated with Temperature-Sensitive Paint (TSP) 14 for nonintrusive transition detection and equipped with pressure taps for measuring the pressure distribution and thermocouples for monitoring the model temperature evolution during a test run 13 . 
Results and conclusions
These tests were focused on the influence of a streamwise pressure gradient and forward-facing steps on boundary layer transition. At a Mach number of M = 0.77 tests were conducted at chord Reynolds numbers up to 13 Mio. and at various streamwise pressure gradients, obtained by installing the model at angles-of-attack from -4° to -2°. Forward-facing steps of height h = 29, 60, and 89 µm (with an uncertainty in height of ± 1 µm) were installed on the model upper side.
The effect of the forward-facing steps at a favorable streamwise pressure gradient p x = d(p/p ∞ )/d(x/c) = -0.069 is shown with the TSP results in Fig. 2 This effect of the forward-facing steps on boundary layer transition was observed also for all other combinations of streamwise pressure gradient and chord Reynolds number. At fixed chord Reynolds number and step height, the relative reduction of the laminar region with increasing step height Re xT /Re xT,smooth was shown to be larger at more pronounced negative pressure gradient parameters p x . At fixed streamwise pressure gradient and step height, the transition Reynolds number was shown to be independent of the chord Reynolds number for both configurations, with and without steps installed; therefore, also the relative reduction of the laminar region with increasing step height Re xT /Re xT,smooth was observed to be independent of the chord Reynolds number at fixed streamwise pressure gradient. Detailed results will be provided in the final version of the paper.
The reduction of the laminar region due to forward-facing steps quantified at various streamwise pressure gradients will be used to develop criteria for the allowable tolerances on NLF surfaces where Tollmien-Schlichting instabilities are predominant in the transition process, e.g. in the mid-span area of a low-sweep NLF wing.
